Abstract: Alström syndrome (ALMS) is a rare genetic disorder that has been included in the ciliopathies group, in the last few years. Ciliopathies are a growing group of diseases associated with defects in ciliary structure and function. The development of more powerful genetic approaches has been replaced the strategies to follow for getting a successful molecular diagnosis for these patients, especially for those without the typical ALMS phenotype. In an effort to deepen the understanding of the pathogenesis of ALMS disease, much work has been done, in order to establish the biological implication of ALMS1 protein, which is still being elucidated. In addition to its role in ciliary function and structure maintenance, this protein has been implicated in intracellular trafficking, regulation of cilia signaling pathways, and cellular differentiation, among others. All these progresses will lead to identifying therapeutic targets, thus opening the way to future personalized therapies for human ciliopathies.
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Álvarez-Satta et al capabilities at an early age have important consequences not only on the social development of children, but also in their adaptation to the external environment.
In the first 5 years of life, many ALMS patients develop truncal obesity, insulin resistance, hyperinsulinemia, and hyperlipidemia. 8 These symptoms may progress to T2DM usually accompanied by acanthosis nigricans (a rare skin disorder characterized by the presence of hyperkeratosis and hyperpigmentation in skin folds and flexible body areas). Interestingly, despite the early development of T2DM, patients with ALMS do not show the typical diabetic peripheral neuropathy. This fact suggests that mutations in ALMS1 could somehow, still unexplained, protect the development of neuropathy induced by hyperglycemia of T2DM. 9 Hypertriglyceridemia is another common clinical feature in this syndrome and can lead to acute pancreatitis. 10, 11 ALMS patients may also show infertility caused by hypogonadism (especially in men). Women may have polycystic ovarian syndrome, hirsutism, and insulin-resistant hyperandrogenism. 12 Other endocrine disorders observed in ALMS are hypothyroidism, changes in the age of onset of puberty, and short stature associated with alterations in the growth hormone/insulin-like growth factor 1 axis. 7, [13] [14] [15] Dilated cardiomyopathy or congestive heart failure occurs in approximately 70% of patients during childhood or adolescence, being a frequent cause of death. 5, 16, 17 Other common features in ALMS are renal and pulmonary failure, and hepatic dysfunction. 7 Autopsies of patients often exhibit multiple organ fibrosis in liver, kidney, ovaries, and seminiferous tubules. 7 The origin of this fibrosis and its contribution to multiorgan failure of this syndrome is unknown, although some progress has been recently made. 18 Although cognitive impairment is not a common feature of ALMS, approximately 45% of affected children have some delayed learning skills or milestones. 19 Absence seizures and general sleep disturbances may be included among other neurological manifestations of ALMS. 7 The frequency of psychiatric disorders in individuals affected by ALMS has not been determined.
Marshall et al reported an in-depth revision of the ALMS clinical phenotype. 5 However, some atypical, extreme cases with mutations in the ALMS1 gene have been described ever since, either without nystagmus, photophobia, obesity, and hearing loss or only with mitogenic cardiomyopathy. [20] [21] [22] Therefore, the clinical definition of the syndrome needs to be revised and extended.
On the other hand, Ozantürk et al reported clinical and molecular findings in a large Turkish cohort of ALMS patients. 23 Although the clinical spectrum did not differ from other clinical descriptions of the syndrome, they described some cases of triallelism associated with ALMS (three pathogenic mutations in the same gene). This triallelic condition did not involve a more severe phenotype, but functional analyses of these mutations will be needed, in order to elucidate their role in ALMS1 protein function.
Early diagnosis of ALMS is complicated by the progressive onset of the associated symptoms, as well as its own inter-and intrafamilial clinical heterogeneity, as frequently occurs in other ciliopathies such as Bardet-Biedl syndrome (BBS). It is set based on the phenotype of the patient, and the diagnosis is confirmed when the molecular analysis identifies two mutations in ALMS1 gene.
5
Molecular genetics
ALMS1 gene is located on chromosome 2p13 and consists of 23 exons that are predicted to encode a large protein of 4,169 amino acids, 24 whose biological role is still being elucidated ( Figure 1 ). To date, several mutations have been described in this gene, being exons 8, 10, and 16 hotspots for ALMS1 mutations (variations in exon 8 account for 49% of the total mutation load in ALMS). 25 Nevertheless, slightly different percentages have been reported in Turkish patients, being mutations in exons 8 and 10 detected in 72% of the cases. It has to be taken into account that most of the affected individuals were homozygous, or compound heterozygous, but some cases of triallelism have also been found. 23 More than 200 mutations have been reported, the vast majority involving nonsense or frameshift mutations that lead to 
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Alström syndrome: current perspectives a predicted premature stop codon. 25 It has been proposed that ALMS could be underdiagnosed, as some mutations that predict a premature termination appear in the general population and might not be disease-causing alleles. 5 To date, atypical phenotypes have been described as well, supporting the hypothesis that ALMS phenotypes are strongly modified by the genetic background and could result in different clinical phenotypes.
ALMS belongs to a growing class of human diseases with overlapping phenotypes, referred as ciliopathies. These include disorders such as BBS and Senior-Løken syndrome. The clinical similarity among these syndromes, particularly with BBS, and the delayed onset of some clinical features in ALMS sometimes result in misdiagnosis.
26
New genetic approaches in molecular diagnosis
In recent years, the number of patients with a confirmed molecular diagnosis has been growing mainly due to the advent of more powerful genetic tools, especially nextgeneration sequencing (NGS) technology. These genetic approaches represent a very important breakthrough, above all for those patients who do not show the typical ALMS phenotype, since they could suffer from long-term complications associated with a delayed diagnosis of this pathology. 27 The first strategy followed in most of the cases is to discard the presence of mutations in ALMS1 gene hotspots (exons 8, 10, and 16), since a complete sequencing of this gene is very tedious due to its size. Although the arrayed primer extension technology (which includes a set of known mutations in ALMS1 and ten BBS genes) was proposed as a relatively cost-effective first approach for molecular diagnosis, 28 the growing development of NGS is rapidly replacing the previous approaches. 23 One of these new methods consists of specific panels designed for testing a set of genes of interest, 5 but currently the most widely used molecular approaches are whole-exome sequencing (WES), and whole-genome sequencing. This is due mainly to the reduction of their costs, enabling an in-depth analysis in a considerable number of patients at affordable prices, and also discards mutations in other genes. 27, 29 As mentioned earlier, some studies have suggested that many of nonclassic ALMS cases could go unnoticed, taking into account the current diagnostic criteria and if the wrong molecular strategy is followed. 20 It has also been proposed that a different location or nature of the ALMS1 mutations may influence the presence of nonclassic clinical features in these patients. 20 An additional problem to be considered is the overlapping phenotypes among different ciliopathies, particularly with BBS in the case of ALMS, which further complicates a proper molecular diagnosis. 5 The main advantage of WES approach lies in its broad analysis of all coding regions in the genome, detecting the disease-causing mutations in a rapid and easier way. 29 NGS technology also provides the possibility of identifying novel genes involved in this group of pathologies. Though the interpretation of exome/genome data is a challenging task due to the number of regions analyzed (size), this problem is being partially solved by the enhanced bioinformatics tools which facilitate the variant filtering, a critical point for identifying the disease-causing gene. 30 WES has been able to elucidate some intriguing phenotypes, which in principle did not seem to be associated with the typical ALMS phenotype but finally resulted in mutations in ALMS1 gene. Thus, WES has solved the limitation of genetic panels in a sporadic patient suffering from familial dilated cardiomyopathy and severe heart failure, identifying 30 In addition to this, it has been reported that the combination of WES and a previous linkage analysis has facilitated the identification of pathogenic mutations in ALMS1 gene in a consanguineous Turkish family with severe dilated cardiomyopathy as well. 22 This family was not previously suspected to be an ALMS case because of the absence of several features typically related to this syndrome. 22 On the other hand, homozygosity mapping followed by WES was another strategy carried out in consanguineous Leber congenital amaurosis families, unexpectedly resulting in the identification of ALMS1 mutations in these families. 31 These studies underline the perspectives offered by the combination of different genetic tools as a powerful approach, especially in the case of consanguineous families, or those who present nontypical ALMS phenotype, underscoring again the genetic and clinical overlapping among ciliopathies.
Taking into account the aforementioned, we could say that the combination of an accurate molecular diagnosis and a complete clinical phenotype represents an indispensable step to devise a future appropriate treatment and management of the pathology, in which NGS technologies will be critical for the ALMS diagnosis as cost-effective tools when compared with traditional polymerase chain reaction and direct Sanger sequencing.
31
ALMS as a ciliopathy: therapy options
Clinical manifestations associated with the different ciliopathies can be present in almost all tissue throughout development, including sensorial dysfunction as well as defects in multiple organs. 32 Despite new ciliary genes being discovered through the identification of new disease-causative mutations in genes coding for ciliary proteins, and also delving deeper into the molecular basis of these pathologies, the current measures of therapy for these patients are limited, without real curative options. Hence, it is important to search for an effective treatment for these patients in order to reduce or limit the disease progression. 32 In recent years, several pharmacological trials have been carried out in some ciliopathies, mainly focused on recovering renal or hepatic function, as in the case of polycystic kidney disease (PKD), 33, 34 as well as on delaying retinal degeneration progression in BBS, 35 so its efficacy in other affected organs is limited. Therefore (and given that up to now the main options for the majority of patients are restricted to the management of the clinical symptoms and the improvement of the quality of life), it remains essential to continue to make progress in the knowledge of the pathophysiological basis of these diseases, characterizing the role of the proteins involved so that it allows us to identify therapeutic targets. 32 To this end, the ongoing identification of novel ciliary genes, mainly due to NGS technology, represents the starting point for the development of individualized gene therapies for these ciliopathies patients.
Biological roles of ALMS1 protein: current knowledge
The study of ALMS1 protein has focused the interest of many researchers since ALMS gives a monogenic model of obesity and metabolic syndrome.
5 ALMS1 is a protein of 4,169 amino acids that localizes in centrosomes and basal bodies of primary cilia. [36] [37] [38] The biological functions of this protein are still being elucidated, and encompass ciliary function and structure maintenance, intracellular trafficking, regulation of cilia signaling pathways, and cellular differentiation, among others ( Figure 2) .
Looking into the biological role of ALMS1 protein is already providing us with challenging findings not only regarding cilia biology but also the involvement of primary cilia in cellular processes that had not been previously linked to ciliary proteins.
The role of ALMS1 protein in energy/ metabolic homeostasis
Over the last few years, pivotal progress has been achieved in unraveling the ALMS1 involvement in energy balance and appetite regulation, whose altered regulation leads to the development of obesity and diabetes, both features classically associated to ALMS patients.
In this sense, Heydet et al reported a role of ALMS1 in satiety regulation in the obese mouse strain foz/foz, harboring a truncating mutation in ALMS1 gene. 39 Thus, the basal body localization of this protein in hypothalamic neurons of control mice is not found in model animals. This finding, altogether with the strong reduction of hypothalamic neurons at postnatal period in model mice and the significant loss of primary cilia involved in appetite regulation, suggests a crucial role of ALMS1 in the maintenance and stability of cilia structure and/or function in these neurons. 39 This study also points out that different molecular etiologies for satiety alterations in BBS compared with ALMS may exist. Hence, the localization of two well-known proteins involved in hypothalamic appetite regulation (melaninconcentrating hormone receptor 1 and somatostatin receptor type 3) is conserved in foz/foz animals but lost in Bbs2 and Bbs4 knockout mice models, suggesting different roles for BBS and ALMS1 proteins. 39 However, clearer evidence of metabolic dysfunction caused by ALMS1 deficiency was recently reported. 40 The authors describe an altered glucose transporter 4 (GLUT4) trafficking in the Alms1
GT/GT mouse model, which suggests a role of ALMS1 in glucose homeostasis through GLUT4 trafficking pathway. Thus, early signs of metabolic dysfunction such as reduced total GLUT4 content and altered translocation to the plasma membrane were observed in model mice. It is noteworthy to highlight that the observation of strong glucose intolerance prior to metabolic disease in Alms1 GT/GT mice suggests the existence of one or several underlying, not yet defined compensatory mechanisms, maybe in brown adipose tissue or muscle, which will have to be elucidated. 40 
ALMS1 protein in intracellular trafficking and cell cycle control
Many efforts focused on elucidating the biological role of ALMS1 related to its involvement in cell cycle control and intracellular trafficking regulation. One of the first studies which made remarkable findings was published by Zulato et al, with special relevance in the context of the widespread fibrosis, frequently developed by ALMS patients, which is often related to a premature death. 18 This work referred to significant differences in expression levels for more than 500 genes belonging to functional categories such as cell cycle, apoptosis, cellular motility, and extracellular matrix, after performing gene expression analysis in dermal fibroblasts from ALMS patients. Genes coding for extracellular matrix components and their regulators (especially, those related to collagen expression and secretion) were observed to be strongly upregulated. In addition, cultured fibroblasts from ALMS patients showed alterations in cytoskeleton and morphology, and also displayed a longer cell cycle and an increased resistance to apoptosis. Altogether, these results would support the emerging role of ALMS1 as key regulator in cell and extracellular matrix normal activity and interactions. 18 To gain better understanding of ALMS1 biological role, the implication of this protein in the recycling endosome pathway was studied. 41 They found several interacting 
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Álvarez-Satta et al partners with the ALMS1 C-terminus, mainly α-actinins and other proteins previously linked to endosome trafficking. Moreover, patient's fibroblasts showed a lower endocytic activity and an altered morphology of actin fibers, which suggest that aberrant protein recycling processes may underlie ALMS pathogenesis. With this in mind, it is feasible to think that any disruption in the cytoskeleton architecture organization, which is required to proper endosomal trafficking, could exist in ALMS patients as proteins belonging to cytoskeletonassociated recycling or transport complex were identified as ALMS1-interacting proteins. 41 Furthermore, this complex is required for the receptor recycling from early endosomes to the plasma membrane, what would support this hypothesis. 41 This body of evidence is opening new stimulating research lines which will require further investigation to enlarge an accurate knowledge regarding ALMS1 biology.
It is worth highlighting the growing evidence that link endocytic recycling deficiency to metabolic alterations commonly observed as part of ALMS phenotype, such as impaired glucose uptake. For example, α-actinin-4 directly interacts with ALMS1 and has been associated to GLUT4 trafficking which suggests a probably role of ALMS1 in the movement of GLUT4 vesicles along actin filaments to the plasma membrane. [40] [41] [42] Finally, it is also important to note that the probable role of ALMS1 in cytokinesis is directly related to the endosome recycling pathway. 41 Thus, this protein could be involved in direct trafficking of membrane components to the cleavage furrow of dividing cells.
Role of ALMS1 protein in signaling pathways coordinated by the primary cilium
The role of primary cilium as a coordinator of a wide variety of signaling pathways involved in cell cycle control, differentiation, and other cellular processes during development and tissue homeostasis, has been extensively studied for a number of years. [43] [44] [45] [46] However, ALMS1 involvement has not yet been thoroughly investigated, unlike BBS proteins which are well known to be linked to Sonic hedgehog and Wnt (Wingless+int-1) signal transduction pathways, among others. [46] [47] [48] In this sense, evidence of ALMS1 as regulator of ciliary signaling networks is still being gathering. The role of this protein in cochlea development has been explored, as progressive sensorineural hearing loss is one of the ALMS distinctive clinical features. 49 The basal body localization of ALMS1 in hair cells, the retained centriolar ALMS1 expression into maturity, and the cochlear histopathology observed in model mice pointed out a role in cilium-dependent planar cell polarity signaling. It would be specifically related to the basal body migration and/or anchoring during determination of final planar polarization of the cell. 49 Notwithstanding, the strongest support until now was given by Leitch et al, who referred the regulation of Notch signaling via proper endosomal trafficking by basal body proteins such as BBS1, BBS4, and ALMS1. 50 Hence, loss of these proteins led to pathway overactivation and receptor accumulation in late endosomes, providing a new link between basal body proteins and endosomal recycling, as already suggested. 41 Remarkably, this study 50 describes diffe rent trafficking defects caused by BBS/ALMS1 proteins, since loss of BBS proteins resulted in impaired Notch receptor recycling, whereas ALMS1 loss altered neither localization nor recycling of the receptor. Misregulation of this signaling pathway may provide a new mechanism that explains the development of BBS/ALMS phenotypes, given that Notch is known to be involved in neurogenesis and renal defects, frequently observed in the clinical spectrum of ciliopathies. 50 
involvement of ALMS1 protein in cell differentiation
As in the previous case, ALMS1 role in cellular differentiation has not been deeply examined, but several recent studies report an emerging role of this protein at least in some cell types. For example, ALMS1-mediated adipocyte differentiation was suggested, since an early decrease in Alms1 mRNA expression during preadipocyte to mature adipocyte conversion in mouse 3T3-L1 cells has been detected, although it remained unaltered when fat cell insulin sensitivity changed. 51 On the other hand, adipogenesis and insulin-stimulated glucose uptake were observed to be severely impaired when Alms1 expression was knocked down in adipocytes from 3T3-L1 cells. 52 All these findings provide evidence of an altered adipocyte differentiation as possible cause, at least partially, of metabolic phenotype displayed by ALMS patients, likewise previously established for BBS. 53 However, cultured preadipocytes isolated from Alms1
GT/GT mouse model, which recapitulates the human ALMS phenotype, did not display abnormal adipogenic differentiation but mature adipocytes showed a reduced insulin-stimulated glucose uptake. 40 Interestingly, Alms1 expression was abundant only in control cells, whereas GLUT4 mRNA levels were significantly lower in mature adipocytes from Alms1 GT/GT animals. This suggests that ALMS1 is not directly involved 
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Alström syndrome: current perspectives in proper adipocyte maturation in vivo, so that intricate interactions may be required to expansion of adipose tissue in animals. 40 These observations are in contrast with those given by Huang-Doran and Semple, which cannot explain the obese phenotype observed in ALMS models and patients. 40, 52 More recently, mutations in ALMS1 have been involved in cardiomyogenesis after performing WES in several children suffering from mitogenic cardiomyopathy. 21, 22 When inhibiting Alms1 mRNA expression in cultured neonatal murine cardiomyocytes, higher levels of cardiomyocyte proliferation markers were observed, suggesting a role of ALMS1 in cardiomyocyte cell cycle arrest during postnatal period. 21 Thus, this protein could be considered as a key molecule for cell cycle regulation in perinatal cardiomyocites, activating the Wnt/β-catenin signaling pathway, known to be involved in cardiomyogenesis, when ALMS1 levels decreased. 21 In this regard, another study describes that periostin overexpression found in cultured dermal fibroblasts from ALMS patients might be pointing out some involvement of this extracellular matrix protein in cardiac remodeling in ALMS.
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Conclusion and perspectives
The great progress made to unravel the pathogenesis of ALMS by different multidisciplinary groups in the last years is giving rise to promising advances in knowledge of its molecular basis. Nevertheless, the complex pathology of this kind of syndromes, with several organs affected, implies that the underlying molecular mechanisms remain to be clarified.
All this information will lead to establish molecular hotspots that could represent therapeutic targets in the future, the ultimate goal of all the research on rare diseases. However, it should not be forgotten, that the phenotypic complexity of ALMS, like most of ciliopathies, makes the real option of gene therapy very difficult, at least in adults. Hence, it is extremely necessary to continue exploring the underlying pathogenesis of ALMS disease. Maybe alternative mechanisms such as altered noncoding RNA expression patterns could be also contributing to ALMS as recently suggested, 54 which may suppose an easier approach to gene therapy in these patients. Regarding this, DNA methylation can not be excluded as contributor to ALMS disease, since it has been involved in autosomal dominant PKD, another ciliary disorder. 55 Several studies have demonstrated the success of some gene therapy techniques in restoring cilia dysfunction, all of them based on introducing wild-type genes via viral delivery. In the case of PKD, the restoration of cilia motility has been possible via lentiviral transduction of wild-type DNAI1 gene in respiratory epithelial cells. 56 In addition, the use of adenoviruses has allowed to restore Ift88 gene expression, producing functional olfactory cilia which were absent due to a mutation responsible for the development of Oak Ridge Polycystic Kidney disease, what could be applied to other human ciliopathies. 57 Protein trafficking can also be ablated in some ciliopathies, leading to defects in ciliary signaling. 58 According to this, it has been shown that BBS mutations can produce structural changes in the corresponding protein, leading to an aberrant subcellular localization. 32 This problem has also been solved in a BBS4 mutated gene mice, improving their retinal responses due to the restoration of rhodopsin localization. 59 However, all the previous techniques have some limitations, such as gene size, overexpression, or cell type specificity, which can be solved with a direct manipulation of the endogenous mutated gene, either by repairing DNA mutations or manipulating the splicing mechanism. 32 Furthermore, despite the importance of pharmacological treatments, the hope of real curative options lies in gene therapy or prospective treatments with stem cells, given its potential to offer individual options by means of targeting specific tissues or organs with long-lasting effectiveness. 32 Taking all this in mind, we could say that there is still a long way to go to develop effective gene therapy treatments for human ciliopathies, but these first steps establish the starting point to achieve it. Moreover, exciting perspectives are opening up to determine the biological role of ALMS1, but further investigation is required to turn this information into real options to achieve treatments for ALMS patients.
